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(57) ABSTRACT

A separation membrane (10) of the present disclosure
includes: a separation functional layer (30) composed of a
polyamide; and a coating (40) covering the separation
functional layer (30) and containing a polymer having a
repeating unit represented by the following formula (1). In
the formula (1), N™ 1s a nitrogen atom constituting a qua-
ternary ammonium cation, and R' and R are each indepen-
dently a substituent containing a carbon atom bonded to the
nitrogen atom.
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1
SEPARATION MEMBRANE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present disclosure relates to separation membranes.

2. Description of Related Art

Separation membranes are widely used as reverse osmosis
membranes (RO membranes) or nanofiltration membranes
(NF membranes) in various applications such as production
of ultrapure water, desalination of seawater, and treatment of
waste water. Examples of such separation membranes
include composite semipermeable membranes having a
porous support and a separation functional layer provided on
the porous support. The separation functional layer 1s made
of an organic compound such as polyamide, polysulione,
and cellulose acetate. In the field of reverse osmosis mem-
branes, a polyamide membrane obtained by polymerization
of an amine and an acid halide 1s known to be suitable as the
separation functional layer. The polyamide membrane 1s
typically an aromatic polyamide membrane obtained by
interfacial polymerization of an aromatic polyfunctional
amine and an aromatic polyfunctional acid halide. The
porous support can be formed of a substrate such as a
non-woven fabric and a microporous layer provided on the
substrate.

US 2016/0325239 Al describes a composite semiperme-
able membrane including a coating layer including a poly-
mer having a quaternary ammonium group.

SUMMARY OF THE INVENTION

Resistance to various substances, such as cationic sub-
stances, contained 1n a raw liquid to be treated 1s required of
separation membranes. Separation membranes whose water
permeability 1s decreased little by contact with a raw liquid
containing a cationic substance are demanded.

The present disclosure provides a separation membrane
including;:

a separation functional layer composed of a polyamide;
and

a coating covering the separation functional layer and
containing a polymer having a repeating unit represented by
the following formula (1).

(1)

—-cH, / CH, 4
HC /\CH2

N
/' \
R! RZ?

In the formula (1), N* 1s a nitrogen atom constituting a
quaternary ammonium cation, and R' and R” are each
independently a substituent containing a carbon atom
bonded to the nitrogen atom.

The technique of the present disclosure makes 1t possible
to provide a separation membrane whose water permeability
1s decreased little by contact with a raw liquid containing a
cationic substance.
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2
BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 15 a cross-sectional view of a separation membrane
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Hereinatter, an embodiment of the present disclosure will
be described with reference to the drawings. The present
disclosure 1s not limited to the following embodiment.

As shown 1n FIG. 1, a separation membrane 10 includes
a porous support membrane 20, a separation functional layer
30, and a coating 40. The porous support membrane 20, the
separation functional layer 30, and the coating 40 are
stacked 1n this order. The separation functional layer 30 and
the coating 40 are supported by the porous support mem-
brane 20. The separation functional layer 30 1s disposed on
the porous support membrane 20. The coating 40 1s disposed
on the separation functional layer 30. The coating 40 1s 1n
direct contact with the separation functional layer 30. The
separation membrane 10 can be a composite semipermeable
membrane.

The separation functional layer 30 1s composed of a
polyamide. The coating 40 can prevent a cationic substance
contained in raw water from adsorbing onto the surface of
the separation membrane 10. Thus, a water permeability
decrease caused by contact with raw water containing a
cationic substance 1s reduced.

The separation membrane 10 can be produced by the
following method.

First, the porous support membrane 20 1s prepared as a
support. The porous support membrane 20 1s not particularly
limited as long as 1t 1s a membrane on the surface of which
a separation functional layer can be formed. The porous
support membrane 20 used may be an ultrafiltration mem-
brane having a non-woven fabric on which a microporous
layer with an average pore diameter of 0.01 to 0.4 um 1s
formed. Examples of the material forming the microporous
layer include polyarylethersulfones such as polysulfone and
polyethersulfone, polyimide, and polyvinylidene fluoride.
From the viewpoint of chemical stability, mechanical sta-
bility, and thermal stability, polysulfone or polyarylether-
sulfone can be used. A seli-supporting porous support mem-
brane having an average pore diameter as specified above
and made of a thermosetting resin such as epoxy resin can
also be used. The thickness of the porous support membrane
20 1s not particularly limited. The thickness 1s, for example,
in the range of 10 to 200 um and may be 1n the range of 20
to 75 um.

In the present specification, the “average pore diameter
refers to a value calculated by the following method. First,
a surface or cross-section of the membrane or layer 1is
observed with an electron microscope (e.g., a scanning
clectron microscope), and the diameters of a plurality of
observed pores (e.g., 10 randomly selected pores) are actu-
ally measured. The average of the actually measured diam-
cters of the pores 1s defined as the “average pore diameter”.
The “diameter of a pore” refers to the longest diameter of the
pore, and specifically refers to the diameter of the smallest
of the circles that can enclose the pore.

Next, a first solution containing a material of the separa-
tion functional layer 30 i1s brought into contact with the
porous support membrane 20. The first solution 1s typically
an aqueous solution containing a polyfunctional amine as
the material of the separation functional layer 30 (this
solution will hereinafter be referred to as “aqueous amine
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solution™). The contact of the aqueous amine solution with
the porous support membrane 20 results in the formation of
an amine-containing layer on a surface of the porous support
membrane 20. The aqueous amine solution may contain, in
addition to water, a polar solvent other than water, such as
an alcohol. A polar solvent other than water, such as an
alcohol, may be used instead of water.

The polylunctional amine 1s an amine having a plurality
of reactive amino groups. Examples of the polyfunctional
amine include aromatic polylunctional amines, aliphatic
polyfunctional amines, and cycloaliphatic polyfunctional
amines.

Examples of the aromatic polyfunctional amine include
m-phenylenediamine, p-phenylenediamine, o-phenylenedi-
amine, 1,3,5-triaminobenzene, 1,2.4-triaminobenzene, 3,5-
diaminobenzoic acid, 2.4-diaminotoluene, 2,6-diaminotolu-
ene, N,N'-dimethyl-m-phenylenediamine, 2.4-
diaminoanisole, amidol, and xylylenediamine.

Examples of the aliphatic polyfunctional amine include
cthylenediamine, propylenediamine, tris(2-aminoethyl)
amine, and n-phenyl-ethylenediamine.

Examples of the cycloaliphatic polyfunctional amine
include 1,3-diaminocyclohexane, 1,2-diaminocyclohexane,
1,4-diaminocyclohexane, piperazine, and piperazine deriva-
tives.

One polyfunctional amine selected from the above
polytunctional amines may be used alone, or a combination
of two or more selected from the above polylunctional
amines may be used.

The polylunctional amine may be at least one selected
from the group consisting of piperazine and a piperazine
derivative. That 1s, the separation functional layer 30 may be
composed of a polyamide containing, as a monomer unit, at
least one selected from the group consisting of piperazine
and a piperazine derivative. Such a polyamide exhibits
superior divalent 1on selective-separation performance.

The piperazine derivative 1s a compound obtained by
substitution of at least one hydrogen atom bonded to a
carbon atom or nitrogen atom of piperazine with a substitu-
ent. Examples of the substituent include an alkyl group, an
amino group, and a hydroxy group. Examples of the pip-
crazine derivative include 2,5-dimethylpiperazine, 2-meth-
ylpiperazine, 2,6-dimethylpiperazine, 2,3,5-trimethylpipera-
zine, 2,5-diethylpiperazine, 2,3,3-triethylpiperazine, 2-n-
propylpiperazine, 2,5-di-n-butylpiperazine, and
4-aminomethylpiperazine.

One compound selected from piperazine and the above
piperazine derivatives may be used alone as the polyfunc-
tional amine, or a combination of two or more selected from
piperazine and the above piperazine derivatives may be used
as the polyfunctional amine.

In the present specification, the divalent 1on selective-
separation performance 1s a property evaluated by the diva-
lent 10n rejection ratio 1n combination with the difference
between the monovalent 10n rejection ratio and the divalent
ion rejection ratio. When the divalent 1on rejection ratio 1s
high and the monovalent 10on rejection ratio i1s low, the
divalent 10n selective-separation performance can be con-
sidered superior. When the diflerence between the monova-
lent 10n rejection ratio and the divalent 10n rejection ratio 1s
small, the divalent 10n selective-separation performance
cannot be considered superior even if the divalent 1on
rejection ratio 1s high.

In order to facilitate the formation of the amine-contain-
ing layer and improve the performance of the separation
tfunctional layer 30, a polymer such as polyvinyl alcohol,
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polyvinylpyrrolidone, and polyacrylic acid, or a polyhydric
alcohol such as sorbitol and glycerin may be added to the
aqueous amine solution.

The concentration of the amine component in the aqueous

amine solution may be 1n the range of 0.1 to 15 wt % and
may be in the range of 1 to 10 wt %. When the concentration
of the amine component 1s properly adjusted, the occurrence
of defects such as pinholes in the separation functional layer
30 can be reduced. Additionally, the separation functional
layer 30 having high salt rejection performance can be
tformed. Further, the proper adjustment of the concentration
of the amine component leads to proper adjustment of the
thickness of the separation functional layer 30, thus resulting,
in the separation membrane 10 capable of achieving a
suilicient permeation tlux.
The method for bringing the aqueous amine solution 1nto
contact with the porous support membrane 20 1s not par-
ticularly limited. A method in which the porous support
membrane 20 1s immersed in the aqueous amine solution, a
method 1 which the aqueous amine solution 1s applied to the
porous support membrane 20, or a method in which the
porous support membrane 20 1s sprayed with the aqueous
amine solution, can be used as appropriate. The step of
bringing the aqueous amine solution 1mnto contact with the
porous support membrane 20 may be followed by the step of
removing the excess of the aqueous amine solution from the
porous support membrane 20. For example, the excess of the
aqueous amine solution can be removed from the porous
support membrane 20 by extending the amine-containing
layer with a rubber roller. The removal of the excess of the
aqueous amine solution can result 1n the formation of the
separation functional layer 30 of approprniate thickness.

Next, a second solution 1s brought into contact with the
amine-containing layer. The second solution 1s a solution
containing another material of the separation functional
layer 30. Specifically, the second solution i1s a solution
containing a polyfunctional acid halide as the other material
of the separation functional layer 30 (this solution will
heremnafter be referred to as “acid halide solution™). The
contact of the acid halide solution with the amine-containing
layer allows a polymerization reaction of the amine and the
acid halide to proceed at the interface between the amine-
containing layer and a layer of the acid halide solution. Thus,
the separation functional layer 30 1s formed.

The polyfunctional acid halide 1s an acid halide having a
plurality of reactive carbonyl groups. Examples of the
polyfunctional acid halide include an aromatic polyfunc-
tional acid halide, an aliphatic polyfunctional acid halide,
and an alicyclic polyfunctional acid halide.

Examples of the aromatic polyfunctional acid halide
include trimesic acid trichloride, terephthalic acid dichlo-
ride, 1sophthalic acid dichloride, biphenyldicarboxylic acid
dichloride, naphthalenedicarboxylic acid dichloride, ben-
zenetrisulfonic acid trichloride, benzenedisulionic acid
dichloride, and chlorosulfonyl benzenedicarboxylic acid
dichloride.

Examples of the aliphatic polyfunctional acid halide
include propanedicarboxylic acid dichloride, butanedicar-
boxylic acid dichloride, pentanedicarboxylic acid dichlo-
ride, propanetricarboxylic acid trichloride, butanetricarbox-
ylic acid trichloride, pentanetricarboxylic acid trichlonide,
glutaryl halide, and adipoyl halide.

Examples of the alicyclic polyfunctional acid halide
include cyclopropanetricarboxylic acid trichloride, cyclobu-
tanetetracarboxylic acid tetrachloride, cyclopentanetricar-
boxylic acid trichloride, cyclopentanetetracarboxylic acid
tetrachloride, cyclohexanetricarboxylic acid trichloride, tet-
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rahydrofurantetracarboxylic acid tetrachlornide, cyclopen-
tanedicarboxylic acid dichlornide, cyclobutanedicarboxylic
acid dichloride, cyclohexanedicarboxylic acid dichloride,
and tetrahydroturandicarboxylic acid dichloride.

One polyfunctional acid halide selected from these
polyfunctional acid halides may be used alone, or two or
more selected from these polytunctional acid halides may be
used in combination. An aromatic polyfunctional acid halide
may be used in order to obtain the separation functional
layer 30 having high salt rejection performance. A polyfunc-
tional acid halide having three or more valences may be used
as at least part of the polyfunctional acid halide component
to form a cross-linked structure.

As the solvent of the acid halide solution there can be used
an organic solvent, 1in particular a non-polar organic solvent.
The organic solvent 1s not particularly limited as long as the
organic solvent has low solubility 1n water and can dissolve
the polyfunctional acid halide component without deterio-
rating the porous support membrane 20. Examples of the
organic solvent include saturated hydrocarbons such as
cyclohexane, heptane, octane, and nonane and halogen-
substituted hydrocarbons such as 1,1,2-trichlorotrifluoroeth-
ane. A saturated hydrocarbon having a boiling point of 300°
C. or lower or 200° C. or lower may also be used.

The concentration of the acid halide component 1n the
acid halide solution may be 1n the range of 0.01 to 5 wt %
and may be in the range of 0.05 to 3 wt %. When the
concentration of the acid halide component 1s properly
adjusted, the amounts of the amine and halide components
remaining unreacted can be reduced. Additionally, the
occurrence of defects such as pinholes 1n the separation
tfunctional layer 30 can be reduced, and thus the separation
membrane 10 having high salt rejection performance can be
provided. Further, the proper adjustment of the concentra-
tion of the acid halide component leads to proper adjustment
of the thickness of the separation functional layer 30, thus
providing the separation membrane 10 capable of achieving
a suflicient permeation flux.

The method for bringing the acid halide solution into
contact with the amine-containing layer i1s not particularly
limited. The amine-containing layer may be immersed 1n the
acid halide solution together with the porous support mem-
brane 20, or the acid halide solution may be applied to a
surface of the amine-containing layer. The time of contact
between the amine-containing layer and the acid halide
solution 1s, for example, 10 seconds to 5 minutes or 30
seconds to 1 minute. The contact between the amine-
contaiming layer and the acid halide solution may be fol-
lowed by the step of removing the excess of the acid halide
solution from the amine-containing layer.

Next, the separation functional layer 30 1s heated and
dried together with the porous support membrane 20. The
heat treatment of the separation functional layer 30 can
improve the properties such as the mechanical strength and
the heat resistance of the separation functional layer 30. The
heating temperature 1s, for example, 70 to 200° C. or 80 to
130° C. The heating time 1s, for example, 30 seconds to 10
minutes or 40 seconds to 7 minutes. A drying step may be
carried out at a room temperature, and subsequently another
drying step may be carried out using a dryer at an ambient
temperature higher than the room temperature.

The conditions under which interfacial polymerization 1s
carried out are described, for example, 1n JP 58-24303 A and
JP 1-180208 A. Such known techniques can be employed 1n
the method of the present embodiment.

Various additives can be added to the aqueous amine
solution and/or the acid halide solution 1n order to facilitate
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the formation of the separation functional layer 30 or
improve the performance of the separation membrane 10 to
be obtained. Examples of the additives include: a surfactant
such as sodium dodecylbenzenesulionate, sodium dodecyl
sulfate, and sodium lauryl sulfate; a basic compound, such
as sodium hydroxide, trisodium phosphate, and triethylam-
ine, which has an eflect on removal of halogenated hydrogen
produced as a result of polymerization; an acylation catalyst;

and a compound as described in JP 8-224452 A which has

a solubility parameter of 8 to 14 (cal/cm’)"'~.

By carrying out the above steps, a membrane having the
porous support membrane 20 and the separation functional
layer 30 1s obtained. The thickness of the separation func-
tional layer 30 1s not particularly limited. The thickness 1s,
for example, 0.05 to 2 um and may be 0.1 to 1 um.

The present specification describes a method 1n which the
separation functional layer 30 1s formed directly on a surface
of the porous support membrane 20 by interfacial polymer-
ization. It should be noted that the separation functional
layer 30 may be formed on a support other than the porous
support membrane 20, and the separation functional layer 30
obtained may be placed on and joined to the porous support
membrane 20. In other words, the separation functional
layer 30 may be transferred onto the porous support mem-
brane 20 from the other support.

Next, a solution contaiming a material of the coating 40 1s
brought mto contact with the separation functional layer 30.

The material of the coating 40 can be a polymer having a
repeating unit represented by the following formula (1).

(1)

——CH27—VCH2——

HEC\ I?} /CH2

/ \
R! R?

In the formula (1), N™ 1s a mitrogen atom constituting a
quaternary ammonium cation. R' and R* are each indepen-
dently a substituent containing a carbon atom bonded to the
nitrogen atom.

When the coating 40 contains the polymer having the
repeating unit represented by the formula (1), the quaternary
ammonium cation 1s always positively charged irrespective
of the pH of raw water. This prevents adhesion of cationic
substances to the surface of the separation membrane 10.
The use of the polymer having the repeating unit represented
by the formula (1) makes this eflect particularly significant.

In the formula (1), the counterion for N™ is not particularly
limited. The counterion for N 1s a monovalent anion.
Examples of the monovalent anion include halogen 1ons
such as F~, CI7, Br™, and I".

In the formula (1), R' and R* may each be an alkyl group.
Examples of the alkyl group include a methyl group, an
ethyl group, and a propyl group. In particular, R* and R* may
each be a methyl group. When R' and R” are each an alkyl
group such as a methyl group, the coating 40 can sufliciently
reduce a decrease in water permeability of the separation
membrane 10. When R' and R* are each an alkyl group such
as a methyl group, the coating 40 causes less influence on the
permeation flux of the separation membrane 10.

In the formula (1), R' may be a methyl group, while R”
may be a 3-chloro-2-hydroxypropyl group. In this case, the
repeating unit of the polymer is represented by the following
formula (2).
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(2)
—1CH> / \ CH,
HEC\ N /CH2
N
/ \
H;C CH,— (‘jH — (‘ng
OH (I

In the formula (1), R' may be a methyl group, while R*
may be a 2,3-epoxypropyl group. In this case, the repeating,
unit of the polymer 1s represented by the following formula

(3).

(3)

—cH, / \ CH,
HC._ . CH

N

/ \
H,C CH,—CH—CH,

\ /
0

When an alkali 1s allowed to act on the repeating umit
represented by the formula (2), the 3-chloro-2-hydroxypro-
pyl group undergoes a cyclization reaction. This reaction
converts the repeating unit represented by the formula (2) to
the repeating unit represented by the formula (3).

The polymer contained in the coating 40 can be a copo-
lymer of a first monomer and a second monomer. The first
monomer can be a monomer containing a quaternary ammo-
nium cation and serving to form the repeating unit repre-
sented by the formula (1). The first monomer can be
3-chloro-2-hydroxypropylmethyl diallyl ammonium chlo-
ride. When the second monomer i1s diallylmethylamine
hydrochloride, the copolymer 1s represented by the follow-
ing formula (4).

(4)

—Fcn, / vCHg CH27 \ CH,
HC_ . CH mCCH
/N\ T JHCI
HsC CHg—(‘iH—(‘?HZ CH,
OH (I

In the formula (4), m and n are each independently an
integer of 1 or more. Part or all of the 3-chloro-2-hydroxy-
propyl groups contained in the polymer of the formula (4)
may be a 2,3-epoxypropyl group as shown in the formula
(3).

In the copolymer represented by the formula (4), the
3-chloro-2-hydroxypropyl group and/or the 2.,3-epoxypro-
pyl group contained 1n the first monomer can be a reactive
substituent capable of being chemically bonded to the sepa-
ration functional layer 30.

The polymer of the formula (4) can be obtained also by
modification of a homopolymer. Specifically, a homopoly-
mer of methyldiallylamine hydrochloride can be modified
with epichlorohydrin to obtain the polymer of the formula
(4).

The reactive substituent enhances the bond strength
between the separation functional layer 30 and the coating
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40. Specifically, at least part of the reactive substituents
forms a covalent bond with a terminal amino group, a
remaining amino group, or a remaining carbonyl group of
the separation functional layer 30. Thus, the coating 40 1s
secured to the separation functional layer 30, so that the
separation membrane 10 whose water permeability 1s
unlikely to be decreased even in long-term use can be
provided. The terminal amino group and the remaining

amino group of the separation functional layer 30 are
derived from the polyfunctional amine. The remaining car-
bonyl group of the separation functional layer 30 1s derived
from the polyfunctional acid halide. The reactive substituent
may be used in intramolecular cross-linking and/or inter-
molecular cross-linking of the polymer. Such cross-linking
can 1improve the properties such as the mechanical strength
and the heat resistance of the coating 40.

The reactive substituent 1n the polymer represented by the
formula (4) may be a hydroxy group. The reactive substitu-
ent 1 a polymer represented by the formula (35) described
later may be an amino group. The reactive substituent in a
polymer represented by the formula (6) described later may
be an amide group. The reactive substituent 1n a polymer
represented by the formula (7) described later may be a
hydroxy group.

The reactive substituent may be contained in the second
monomer. When the first monomer has a quaternary ammo-
nium cation structure, fewer restrictions are imposed on the
second monomer. That 1s, there 1s a lot of flexibility 1n
choosing the second monomer.

The reactive substituent 1s not limited to a 3-chloro-2-
hydroxypropyl group. Examples of the reactive substituent
include an epoxy group, a hydroxy group, an amino group,
and an amide group. One substituent selected from these
reactive substituents may be contained alone 1n the polymer,
or two or more selected from these reactive substituents may
be contained in the polymer.

When the reactive substituent 1s contained 1n the second
monomer, the second monomer 1s, for example, allylamine.
The polymer 1s represented by the following formula (3).

()

—Fen, / \ CH, CH,—CH—}
ch\ +/CH2 CH>
N
/ \ NH,
Rl R2 - -1 1

In the formula (5), m and n are each independently an
integer of 1 or more.

When the reactive substituent 1s contained in the second
monomer, the second monomer 1s, for example, acrylamide.
The polymer 1s represented by the following formula (6).

(6)

—cH, / \ CH,+CH,—CH—
HEC,\ _|_/CH2 =0
N
/' \ NH,
Rl R2 - - 1

In the formula (6), m and n are each independently an
integer of 1 or more.
When the reactive substituent 1s contained 1n the second

monomer, the second monomer 1s, for example, 3-chloro-
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2-hydroxypropyl diallyamine hydrochloride. The polymer 1s
represented by the following formula (7).

(7)

—:CH27—vCH2: CH27 \ CH, —
H,C._ . CH HC._ CH
N N .HCl
l/ \ 2 ‘
_ R* R 1 CHE—(‘iH—(‘?Hg
OH < |

In the formula (7), m and n are each independently an
integer of 1 or more.

One monomer selected from 3-chloro-2-hydroxypropyl
diallylamine hydrochlornide, allylamine, and acrylamide may
be used alone as the second monomer, or two or more
selected from these monomers may be used as the second
monomer.

The copolymer may be a random copolymer or a block
copolymer.

The ratio between the first monomer and the second
monomer 1s not particularly limited. For example, the ratio
(first monomer:second monomer) 1s 5:95 to 95:5 and may be
30:70 to 70:30. When the ratio 1s within this range, the
separation membrane 10 whose water permeability 1s
decreased little can be provided. The weight-average
molecular weight of the polymer or copolymer 1s not par-
ticularly limited and 1s, for example, 10,000 to 100,000.

The coating 40 can be formed by bringing an aqueous
solution containing the polymer into the separation func-
tional layer 30 to form a polymer-containing layer and then
drying the polymer-containing layer. The method for bring-
ing the aqueous solution 1nto contact with the separation
tfunctional layer 30 1s not particularly limited. The separation
functional layer 30 may be immersed 1n the aqueous solution
together with the porous support membrane 20, or the
aqueous solution may be applied to a surface of the sepa-
ration functional layer 30. The time of contact between the
separation functional layer 30 and the aqueous solution 1s,
for example, 10 seconds to 5 minutes. The contact between
the separation functional layer 30 and the aqueous solution
may be followed by the step of removing the excess of the
aqueous solution from the separation functional layer 30.
The aqueous solution may contain, in addition to water, a
polar solvent other than water, such as an alcohol. A polar
solvent other than water, such as an alcohol, may be used
instead of water.

Next, the polymer-containing layer 1s heated and dried.
The heat treatment of the polymer-containing layer can
improve the properties such as the mechanical strength and
the heat resistance of the coating 40. The heating tempera-
ture 1s, for example, 80 to 150° C. The heating time 1s, for
example, 30 to 300 seconds. A drying step may be carried
out at a room temperature, and subsequently another drying
step may be carried out using a dryer at an ambient tem-
perature higher than the room temperature.

By carrying out the above steps, the separation membrane
10 having the porous support membrane 20, the separation
functional layer 30, and the coating 40 1s obtained. The
thickness of the coating 40 1s not particularly limited and 1s,
for example, 10 to 900 nm. The presence of the coating 40
can be confirmed by means of a transmission electron
microscope. The composition analysis of the polymer con-
tained in the coating 40 can be carried out by Fourier-
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10

transform infrared spectroscopy (FT-IR), X-ray photoelec-
tron spectroscopy (XPS), or time-of-flight secondary 1on
mass spectrometry (TOF-SIMS).

Examples

|[Experiment 1]

(Sample 1)

An aqueous amine solution containing 7 wt % of pipera-
zine, 0.15 wt % of sodium dodecyl sulfate, 1.48 wt % of
sodium hydroxide, and 6 wt % of camphorsulfonic acid was
applied to a porous polysulione support. After that, the
excess of the aqueous amine solution was removed {from the
support to form an amine-containing layer on the support.

Next, the surface of the amine-containing layer was
immersed for 10 seconds 1n an acid halide solution obtained
by solving 0.42 wt % of trimesic acid trichloride in an
isoparathnic solvent (IP Solvent 1016, manufactured by
Idemitsu Kosan Co., Ltd.). After that, the excess of the acid
halide solution was removed from the amine-containing
layer, which was air-dried for 60 seconds and then placed 1n
a hot air dryer at 120° C. for 3 minutes to form a separation
functional layer on the porous polysulione support. Next, the

surface of the separation functional layer was immersed for
10 seconds 1n an aqueous solution containing 0.1 wt % of a
polymer (UNISENCE KCA 101L, manufactured by
SENKA Corporation). After that, the separation functional
layer was air-dried for 30 seconds and then placed 1n a hot
air dryer at 120° C. for 2 minutes to form a coating on the
separation functional layer. In this manner, a separation
membrane of Sample 1 was obtained. UNISENCE KCA
101L 1s a polymer represented by the formula (4).

(Sample 2)

A separation membrane was obtained 1n the same manner
as 1n Sample 1, except that the concentration of the polymer
in the aqueous solution was changed to 0.03 wt %.

(Sample 3)

A separation membrane was obtained 1n the same manner
as 1n Sample 1, except that the concentration of the polymer
in the aqueous solution was changed to 0.01 wt %.

(Sample 4)

A separation membrane was obtained 1n the same manner
as 1 Sample 1, except that the polymer was changed to
PAS-880 manufactured by Nittobo Medical Co., Ltd. and
that the concentration of the polymer 1n the aqueous solution
was changed to 0.05 wt %. PAS-880 1s a copolymer repre-
sented by the formula (7). R" and R* are each a methyl
group.

(Sample 35)

A separation membrane was obtained 1n the same manner
as 1 Sample 1, except that the polymer was changed to
PAS-880 manufactured by Nittobo Medical Co., Ltd.

(Sample 6)

A separation membrane was obtained 1n the same manner
as 1 Sample 1, except that the polymer was changed to
PAS-J-81 manufactured by Nittobo Medical Co., Ltd. PAS-
J-81 is a copolymer represented by the formula (6). R* and
R* are each a methyl group.

(Sample 7)

A separation membrane was obtained 1n the same manner
as 1 Sample 1, except that the polymer was changed to
PAA-1123 manufactured by Nittobo Medical Co., Ltd. PAA-
1123 is a copolymer represented by the formula (5). R* and
R* are each a methyl group.

The polymers used in Samples 4 to 7 belong to dially-
ldimethylammonium chloride polymers.
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(Sample 8)

A separation membrane was obtained 1n the same manner
as 1 Sample 1, except that the polymer was changed to
polyvinyl alcohol.

(Sample 9)

A separation membrane was obtained in the same manner
as 1 Sample 1, except that the polymer was changed to

polyquaternium-10 (CATINAL HC-100 manufactured by
TOHO Chemical Industry Co., Ltd.). CATINAL HC-100 1s
cellulose containing quaternary ammonium cation.

(Sample 10)

A separation membrane was obtained in the same manner
as 1n Sample 1, except that no coating was formed on the
surface of the separation functional layer.

|[Performance Evaluation: Permeation Flux]

The permeation flux was measured for the obtained
separation membranes. First, RO water (temperature: 25°
C.) was passed through each of the separation membranes at
an operating pressure of 1.5 MPa for 30 minutes. The
permeation rate of the permeated water resulting from this
operation was measured to calculate the permeation flux.
Next, an aqueous solution (temperature: 25° C.) contaiming,
a cationic surfactant (CATIOGEN BC-30 manufactured by
DKS Co., Ltd.) at a concentration of 1000 mg/liter was
brought into contact with the separation membrane at an
operating pressure of 1.5 MPa for 30 minutes. After that, RO
water (temperature: 25° C.) was brought into contact with
the separation membrane at an operating pressure of 1.5
MPa for 30 minutes. The permeation rate of the permeated
water resulting from this operation was measured to calcu-
late the permeation flux. The permeation flux retention rate
was calculated using the following equation. The results are
shown 1n Table 1.

Permeation flux retention rate (%)=100x(Permeation flux
of RO water after contact with cationic surfactant)/
(Permeation flux of RO water before contact with
cationic surfactant)

Permeation flux (m’/m*/day)=(Amount of permeate liq-
uid/Membrane area/Sampling time)

TABLE 1

Permeation flux
before contact

Concentration with surfactant

Type of polymer of polymer (%) (m’/m*/day)
Sample 1 UNISENCE KCA 101L 0.10 1.50
Sample 2 UNISENCE KCA 101L 0.03 1.70
Sample 3 UNISENCE KCA 101L 0.01 1.85
Sample 4 PAS-880 0.05 2.35
Sample 5 PAS-830 0.10 2.30
Sample 6 PAS-J-81 0.10 2.30
Sample 7 PAA-1123 0.10 2.30
Sample 8 Polyvinyl alcohol 0.10 1.90
Sample 9 Polyquaternium-10 0.10 1.40
Sample 10 Not applicable - 2.50

As shown 1n Table 1, the permeation flux retention rate of
the separation membranes of Samples 1 to 7 was higher than
that of the separation membranes of Samples 8 to 10. The
permeation tlux retention rate of the separation membranes
of Samples 1 to 7 was 67% or more. The permeation flux
retention rate of the separation membranes of Samples 8 to
10 was 58% at a maximum. That 1s, the separation mem-
branes of Samples 1 to 7 exhibited a high permeation flux
even after the exposure to the cationic substance.

Although having a surface coating, the separation mem-
branes of Samples 8 and 9 exhibited a permeation flux
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retention rate equivalent to that of the separation membrane
of Sample 10 having no surface coating. That 1s, the surface
coatings of the separation membranes of Samples 8 and 9
made little contribution to the improvement in permeation
flux retention rate.
|[Experiment 2]

Sample 11)

A separation functional layer was formed on a support by
the following method using m-phenylenediamine nstead of
piperazine as a polyfunctional amine. Specifically, an aque-
ous amine solution containing 3.0 wt % of m-phenylenedi-
amine, 0.15 wt % of dodecyl sodium sulfate, 2.15 wt % of
triethylamine, 0.31 wt % of sodium hydroxide, 6 wt % of
camphorsulfonic acid, and 1 wt % of 1sopropyl alcohol was
applied onto a porous polysulifone support. After that, the
excess ol the aqueous amine solution was removed to form
an amine-containing layer on the support. Next, the surface
of the amine-containing layer was immersed for 7 seconds
in an acid chloride solution obtained by solving 0.25 wt %
of trimesic acid trichloride in a naphthenic solvent (Exxsol
D40 manufactured by Exxon Mobil Corporation). After that,
the excess of the acid chloride solution was removed from
the amine-containing layer, which was air-dried for 20
seconds and then placed 1n a hot air dryer at 140° C. for 3
minutes to form a separation functional layer on the porous
polysulione support.

Next, the surface of the separation functional layer was
immersed for 10 seconds 1n an aqueous solution containing
0.1 wt % of a polymer (UNISENCE KCA 101L manuifac-
tured by SENKA Corporation). After that, the separation
functional layer was air-dried for 30 seconds and then placed
in a hot air dryer at 120° C. for 2 minutes to form a coating
on the separation functional layer. A separation membrane of
Sample 11 was thus obtained.

(Samples 12 to 22)

Separation membranes of Samples 12 to 22 were prepared
by providing a coating on the separation functional layer as
prepared 1n Sample 11 1n the same manner as 1n Sample 11
with the use of polymers described in the column headed

Permeation flux  Permeation
after contact flux
with surfactant retention
(m>/m*/day) rate (%)
1.05 70
1.15 6%
1.24 67
1.6% 71
1.70 74
1.57 6%
1.57 6%
1.08 57
0.81 58
1.38 55

60

65

“Type of polymer” of Table 2. The concentration of each
polymer 1n the aqueous solution for coating formation 1s as
described 1n Table 2.

“UNISENCE KCA 101L” manufactured by SENKA Cor-

poration and used in Samples 11 to 13 1s a polymer repre-
sented by the formula (4) herein. “PAS-880” manufactured
by Nittobo Medical Co., Ltd. and used 1n Samples 14 and 15
1s a polymer represented by the formula (7) herein wherein
R' and R” are each a methyl group. “PAS-J-81” manufac-
tured by Nittobo Medical Co., Ltd. and used in Sample 16
1s a polymer represented by the formula (6) herein wherein
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R" and R are each a methyl group. “PAA-1123" manufac-
tured by Nittobo Medical Co., Ltd. and used 1n Sample 17
1s a polymer represented by the formula (5) herein wherein
R' and R” are each a methyl group. “PAS-H-5L" which is the
polymer used in Sample 19 1s a polymer having a structure
represented by the formula (8), namely, a homopolymer of
diallyldimethylammonium chloride.

(8)

17 VT

ch\@ /CH2

N""u ©
/N
;C  CHj

H

The permeation flux retention rate was measured for the
separation membranes of Samples 11 to 22 by the method
previously described. The results are shown 1n Table 2.

TABL.

2

T

Permeation flux
before contact

Concentration  with surfactant

Type of polymer of polymer (%) (m’*/m?*/day)
Sample 11 UNISENCE KCA 101L 0.10 1.05
Sample 12 UNISENCE KCA 101L 0.03 1.12
Sample 13 UNISENCE KCA 101L 0.01 1.23
Sample 14 PAS-830 0.05 1.47
Sample 15 PAS-880 0.10 1.44
Sample 16 PAS-J-81 0.10 1.45
Sample 17 PAA-1123 0.10 1.44
Sample 18 UNISENCE KCA 101L 0.03 1.40

PAS-880 0.02
Sample 19 PAS-H-5L 0.05 1.47
Sample 20 Polyvinyl alcohol 0.10 1.18
Sample 21 Polyquaternium-10 0.1 1.02
Sample 22 Not applicable — 1.54

As shown 1n Table 2, the permeation flux retention rate of
the separation membranes of Samples 11 to 19 was higher
than that of the separation membranes of Samples 20 to 22.
The permeation flux retention rate of the separation mem-
branes of Samples 11 to 18 was 71% or more. The perme-
ation flux retention rate ol the separation membrane of
Sample 19 was 69%, which i1s slightly low. The permeation
flux retention rate of the separation membranes of Samples
20 to 22 was 63% at a maximum. That 1s, the separation
membranes of Samples 11 to 19 exhibited a high permeation
flux even after the exposure to the cationic substance.

As can be seen from the results shown 1n Table 2, the

reducing eflect of the present disclosure on a water perme-
ability decrease caused by contact with a liquid containing
a cationic substance was suiliciently obtained even when the
separation functional layer was formed using m-phenylene-
diamine as the maternal thereof.

The resistance of the separation membrane to the cationic
substance and the water permeability to the liquid containing
the cationic substance change depending on a structure of
the substance composing the separation functional layer.
This can be seen also by comparing the results shown 1n
Table 1 and those shown 1n Table 2. Comparison between
the values of the permeation flux retention rate shown in
Table 1 and the values of the permeation flux retention rate
shown 1n Table 2 leads to the conclusion that the values of
the permeation flux retention rate shown in Table 2 were
high 1n general. However, the tendencies based on the
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difference of the polymers used in the coating were very
similar between the results 1n Table 1 and those 1in Table 2.
This means that the reducing eflect on a water permeability
decrease caused by contact with a liquid containing a
cationic substance 1s achieved by the polymers composing
the coatings. It 1s therefore expected that a change of the
composition of the polyamide composing the underlying
separation functional layer will not result 1n a major change
in the tendency of the eflect to be obtained.

The separation membrane of the present disclosure can be
used as a RO (reverse osmosis) membrane, a NF (nanofil-
tration) membrane, an UF (ultrafiltration) membrane, a MF
(microfiltration) membrane, or a FO (forward osmosis)
membrane.

The mvention may be embodied 1n other forms without
departing from the spirit or essential characteristics thereof.
The embodiments disclosed 1n this specification are to be
considered 1n all respects as 1llustrative and not limiting. The
scope of the mvention 1s imndicated by the appended claims

Permeation flux  Permeation
after contact fux
with surfactant retention
(m>/m*/day) rate (%o)
0.77 73
0.79 71
0.88 72
1.13 77
1.08 75
1.09 75
1.07 74
1.0% 77
1.02 69
0.74 63
0.61 60
0.89 58
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rather than by the foregoing description, and all changes
which come within the meaning and range of equivalency of
the claims are intended to be embraced therein.

What 1s claimed 1s:

1. A separation membrane comprising:

a separation functional layer composed of a polyamide;
and

a coating covering the separation functional layer and
containing a polymer having a repeating unit repre-
sented by the following formula (4), (5), or (7):

(4)

—:CH27—vCH2 _CH27—vCH2:—;
}12(3\TTI _CH, H2C\N _CH,
HCI
/ \ |
H,C CHZ—(‘iH—(‘?HZ CH,
- -}
| OH ClI
) o _ (5)
——CH27—vCH2 CH,—CH——; or
ch\+/CH2 CH>
N
;’ \ , NH,
i R!' R 1. n



US 11,219,870 B2

15

-continued
(7)

—fcnm, / \ CcH,+—cH, / \ CH, 1,
HC._, CH HC_CH
N N .xci
1/ \ 2 ‘
i R* R 1 (3}12—(‘3}1—c‘:H2
B OH C |,
wherein

N™ 1s a nitrogen atom constituting a quaternary ammo-
nium cation,

R' and R” are each independently a substituent containing
a carbon atom bonded to the nitrogen atom, and

m and n are each imndependently an integer of 1 or more.

2. The separation membrane according to claim 1,

wherein in the formula (5), or (7), R* and R are each an
alkyl group.

10

15
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3. The separation membrane according to claim 1,
wherein in the formula (5), or (7), R' and R* are each methy]l
group.

4. The separation membrane according to claim 1,
wherein the polymer 1s represented by the formula (4) or (7).

5. The separation membrane according to claim 1, turther

comprising a support supporting the separation functional
layer.

6. The separation membrane according to claim 1,
wherein the coating 1s 1n direct contact with the separation
functional layer.

7. The separation membrane according claim 1, wherein
at least part of a plurality of hydroxy groups in the polymer
represented by the formula (4), at least part of a plurality of
amino groups 1n the polymer represented by the formula (5),
or at least part of a plurality of hydroxy groups in the
polymer represented by the formula (7) forms a covalent
bond with a terminal amino group, a remaining amino
group, or a remaining carbonyl group of the separation
functional layer.
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